Background: Patients with metastatic spinal cord compression (MSCC) and favorable survival prognoses can benefit from radiation doses greater than 30Gy in 10 fractions in terms of improved local progression-free survival (LPFS) and overall survival (OS).
Background
A considerable number of patients irradiated for metastatic spinal cord compression (MSCC) have a favorable survival prognosis with 6-month and 12-month survival rates of > 80 and > 70%, respectively [1, 2] . These patients are easily identified using validated prognostic tools [1, 2] and can live long enough to develop a recurrence of MSCC in the irradiated part of the spine. In case of such an in-field recurrence, many patients are not suitable for surgery [3, 4] . Moreover, safe administration of a second course of radiotherapy is often taking into account the risk of radiation myelopathy [5] . Longer-course radiotherapy programs (2-4 weeks) can result in better local control and local progression-free survival (LPFS) than short-course programs [6, 7] . In a retrospective matched-pair study, local control and LPFS were further improved with doses beyond the most commonly used longer-course regimen 30Gy in 10 fractions (10x3Gy) [8] . Increase of the dose for MSCC is limited by the radiation tolerance of the spinal cord [9, 10] . With precision radiotherapy techniques such as volumetric modulated arc therapy (VMAT) and stereotactic body radiotherapy (SBRT), radiation doses can be further increased than with conventional radiotherapy [11] .
In the RAMSES-01 study, precision radiotherapy with 18 × 2.33Gy in 3.5 weeks is investigated. The equivalent dose in 2Gy-fractions (EQD2) of this regimen for tumor cell kill is 43.1Gy, which is 33% higher than for 30Gy in 10 fractions (32.5Gy) [12, 13] . The EQD2 of 18 × 2.33Gy for radiation myelopathy is 45.5Gy, which is below the tolerance dose of the spinal cord of 50Gy according to the Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) [9] . The EQD2 of 18 × 2.33Gy for damage to the vertebral bone is 45.1Gy, which is below the tolerance dose of bone of 52Gy [9, 10] . Thus, precision radiotherapy with 18 × 2.33Gy can be considered safe.
This study includes two parts, a single-arm trial of patients receiving 18 × 2.33Gy and a comparison of this cohort to a historical control group treated with 10x3Gy. It aims to show that 18 × 2.33Gy of precision radiotherapy results in significantly better LPFS than 10x3Gy of conventional RT. If such superiority is shown, 18 × 2.33Gy could be recommended for patients with favorable survival prognoses.
Methods/design

Endpoints of the study
The primary endpoint is the 12-month LPFS following 18 × 2.33Gy of VMAT (preferred) or SBRT (possible for a single vertebra) in patients with favorable survival prognoses according to a validated score [1, 2] . This survival score is used by many physicians worldwide when aiming to assign the appropriate radiation regimen to a patient with MSCC.
Study design
The first part of this study represents a single-arm trial and evaluates the effect of precision radiotherapy with 18 × 2.33Gy given over 3.5 weeks on LPFS. Sixty-five patients (62 patients + 5% for drop-outs) are supposed to be recruited within 21 months. The characteristics to be recorded to allow a comparison with the historical control group include age, gender, primary tumor type, interval between tumor diagnosis and MSCC, number of vertebrae affected by MSCC, additional bone or visceral metastases, time developing motor deficits, preradiotherapy ambulatory status, and performance status according to the Eastern Cooperative Oncology Group (ECOG) [7] . Propensity score techniques will be applied to reduce confounding due to differences between the historical control group and prospective trial data [14] . The inclusion and exclusion criteria are almost identical to those of a previous trial investigating 5x5Gy of precision radiotherapy of MSCC [11] . Only the inclusion criteria are supplemented by favorable survival prognosis (defined as 36-45 points on a survival score) [1, 2] .
Treatment
Radiotherapy is administered with VMAT (or SBRT) with 2.33Gy per fraction up to 42.0Gy in 3.5 weeks. This regimen represents an EQD2 of 43.1Gy for tumor cell kill, which means an increase of the radiation dose by 33% compared to 10x3Gy in 2 weeks (EQD2 = 32.5Gy). The EQD2 for radiation myelopathy is 45.5Gy for 100% of the prescribed dose [12, 13] . An EQD2 of <50Gy is considered safe and estimated to be associated with a risk of radiation-related myelopathy of < 0.2% [9] . Treatment should be started as soon as possible, i.e. within 48 h after first presentation to a radiation oncologist.
The planning target volume (PTV) should include the involved vertebrae plus 1 cm above and below. The PTV should be covered by the 95%-isodose. The spinal cord should not receive more than 101.5% of the prescribed dose (EQD2 = 46.6Gy for radiation myelopathy, α/β = 2Gy). This maximum dose is estimated to be associated with a risk of radiation-related myelopathy of < 0.2% [9] . Both the EQD2 of the prescribed dose (45.1Gy) and the EQD2 of the maximum dose (46.1Gy, α/β = 2.5Gy) are below the tolerance dose of bone of 52Gy [9, 11] . The mean doses (EQD2) for esophagus, heart and lung must be <34Gy, <26Gy and ≤ 7Gy [9] . The patients should receive concomitant corticosteroids during radiotherapy [15, 16] .
Assessments
The following endpoints will be prospectively assessed by the participating physicians directly and at 1, 3, 6, 9 and 12 months after radiotherapy and recorded in a case report form (CRF): Motor function, ability to walk, sensory function, sphincter dysfunction, LPFS, overall survival (OS), pain relief, relief of distress, and toxicity. If a recurrence of MSCC is clinically suspected (deterioration of motor function following improvement or no change of motor function during radiotherapy), MRI will be performed. For MRI, rates of sensitivity, specificity and diagnostic accuracy regarding the detection of MSCC of 93, 97, and 95%, respectively, were reported [16, 17] . In case of an out-field recurrence of MSCC, the patient will be censored for LPFS. Assessment directly after radiotherapy will result in a difference of one and a half week between the prospective cohort and the historical control group. However, this way of assessment was selected, since the primary endpoint LPFS included no progression of motor deficits during radiotherapy (=immediate response), which would ideally be assessed directly after the end of radiotherapy. Motor function will be evaluated with a 5-point scale [11, 18] . Sensory function will be assessed as absent, impaired or normal, sphincter dysfunction as yes or no [19] . For assessment of pain, a numeric self-assessment scale will be used (0-10 points) [20] . Distress will be evaluated with the distress thermometer (0-10 points [21, 22] . For assessment of toxicity, the Common Terminology Criteria for Adverse Events version 4.03 will be used [23] .
Comparisons with the historical control group
The patients receiving 18 × 2.33Gy will be compared to historical control group of patients with a favorable survival prognosis treated with 10x3Gy of conventional radiotherapy from an anonymized database. Patients of the control group must fulfil the same inclusion and exclusion criteria as the patients of the prospective part of the study. It is estimated that 235 patients will qualify for the control group. To reduce the risk of hidden selection biases, a propensity score approach including 10 potential prognostic factors will be used for comparisons between the prospective cohort and the historical control group [7, 11] .
Sample size calculation
The primary aim is to evaluate the LPFS at 12 months after 18 × 2.33Gy using VMAT or SBRT and to show superiority to 10x3Gy of conventional radiotherapy.
With respect to tumor cell kill, the EQD2 of 18 × 2.33Gy is considerably higher (+ 33%) than the EQD2 of 10x3Gy (43.1Gy vs. 32.5Gy). In a previous study, the 12month LPFS rate was 84% with 10x3Gy in 2 weeks [8] . An increase by 12.5 percentage points is considered clinically important. Sixty-two eligible patients are required for estimation of the 12-month LPFS with appropriate precision. The statistical power should be at least 80%. Assuming that 5% of the patients will not be eligible for the efficacy analysis, a total of 65 patients should be recruited for the prospective trial.
For the comparison of the prospective trial and the historical cohort group, propensity score methods will be used to reduce confounding due to differences between the two data sets. Assuming that this comparison is performed with a simple Pearson-Chi-Square test (two-sided significance level = 5%), the power will be 77.9%, if the data of 62 prospectively treated patients and the data of 235 patients serving as historical control group can be used. Since the historical control database is constantly growing, the power will likely be 80% or higher at the time of the final analyses.
Data management
All data relating to patients will be recorded in a pseudonymous way. Each patient will be identifiable only by the unique patient number, date of birth and gender. A patient identification list will only be kept in the relevant study centers and will not be forwarded to the sponsor. Data collection will be done using the paper-based case report forms. These forms should be filled in as soon as possible and be submitted to the checker for review, signed, dated and forwarded to the study management via fax or secure email.
The originals of all key study documents, including the documentation sheets, will be kept at the study headquarters for a minimum of 10 years after the final report. The principal investigator/head of the study center will keep all administrative documents (written correspondence with the ethics committee, regulatory authorities, study management, study headquarters), the patient identification list, the signed informed consent forms, copies of the documentation sheets and the general study documentation (protocol, amendments) for the above mentioned period. Original patient data (patient files) must also be kept for the length of time stipulated for the study centres, but not for less than 10 years. The site principle investigators are responsible for the dayto-day organization and the data management at their sites.
Discussion
Despite an increasing use of upfront decompressive surgery in addition to radiotherapy, the majority of patients with MSCC still receive radiotherapy alone [3, 4, 15, 16 ]. Short-course radiotherapy programs such as 5x4Gy within 1 week are not inferior to longer-course programs such as 10x3Gy with respect to the effect on motor function and ambulatory status [24, 25] . However, longer-course programs result in better local control of MSCC and LPFS, particularly in patients with favorable survival prognoses [6, 7, 24] . In a prospective nonrandomized trial of patients with MSCC and poor to favorable survival prognoses, the 1-year local control rates were 81% after longer-course and 61% after short-course radiotherapy (p = 0.005) [6] . Patients with favorable prognoses are at a higher risk to experience an in-field recurrence of MSCC, since the risk of such a recurrence increases with survival time. Moreover, a retrospective study of patients with favorable survival prognoses (according to a survival score that has been validated in a prospective cohort of patients) suggested that these patients can benefit from radiation doses beyond 30Gy in 10 fractions [1, 2, 8] . In that study, 191 patients receiving 30Gy in 10 fractions were matched to 191 patients treated with 37.5Gy in 15 fractions or 40Gy in 20 fractions [8] . In order to reduce the risk of a hidden selection bias, the patients were matched 1:1 for 10 characteristics including age, gender, tumor type, performance status, number of involved vertebrae, visceral metastases, other bone metastases, interval from tumor diagnosis to radiotherapy, ambulatory status, and time developing motor deficits. Patients receiving 37.5Gy or 40Gy did achieve better outcomes in terms of local control of MSCC (92% vs. 71% at 2 years, p = 0.012), LPFS (90% vs. 68%, p = 0.013) and OS (68% vs. 53%, p = 0.032).
One important question is whether outcomes of radiotherapy for MSCC in patients with favorable survival prognoses can be further increased with radiation doses beyond 40Gy. LPFS is an important endpoint, since a lack of response to radiotherapy and an in-field recurrence of MSCC associated with neurologic deficits must be considered serious for the patients. For many of these patients, decompressive surgery is not possible. Moreover, in case of an in-field recurrence, a second radiation course may lead to exceedence of the tolerance dose of the spinal cord resulting in radiation myelopathy with severe neurologic deficits [9, 10] . The effect of radiotherapy on motor function was not selected as primary endpoint, since a previous retrospective study in patients with MSCC and favorable survival prognoses suggested a benefit of higher radiation doses regarding LPFS but not regarding posttreatment motor function [8] . Moreover, the previous randomized trials of radiotherapy for MSCC that were not limited to patients with favorable prognoses did not show a benefit for higher doses with respect to improvement of motor function, which is particularly important for patients with poor or intermediate survival prognoses who likely will not live long enough to experience a local recurrence of MSCC [25] [26] [27] [28] [29] .
Increasing the radiation dose in order to improve LPFS is also limited due to the tolerance dose of the spinal cord [9, 10] . With conventional radiotherapy, the maximum dose to the spinal cord is always higher than 100% (frequently about 105%) of the prescribed dose, which accounts for both total dose and dose per fraction, resulting in a significantly higher EQD2 for myelopathy. In a previous trial of precision radiotherapy for MSCC, the maximum dose to the spinal cord could be reduced to 101.5% [11] . The same constraint is used for the present RAMSES-01 trial. This allows safe administration of a radiation dose higher than 40Gy (EQD2 = 43.1Gy). The dose administered in the RAMSES-01 trial represents an increase of the EQD2 for tumor cell kill by 33% when compared to 10x3Gy, the most commonly used longer-course program for MSCC worldwide. In a previous prospective study of precision radiotherapy for MSCC, radiation treatment could be delivered within 24 h [11] . Thus, the use of precision radiotherapy did not delay treatment.
A higher EQD2 can also be administered with singlefraction SBRT. However, the tolerance doses of spinal cord and vertebral bone must be taken into account to avoid neurologic deficits and vertebral fractures [30, 31] . The updated ASTRO evidence-based guideline recommends that SBRT for MSCC should be limited to clinical trials [32] . Since single-fraction SBRT with ≥20Gy has been identified as a significant risk factor for vertebral fractures, fractionated precision radiotherapy (SBRT or VMAT) is considered a preferable option [33, 34] .
If this new approach of precision radiotherapy with 18 × 2.33Gy proves to be superior to 10x3Gy of conventional radiotherapy for LPFS, this regimen should be strongly considered for patients with MSCC and favorable survival prognoses. 
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